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» INTRODUCTION

,It is tﬁe purpose of this paper tc show the present‘étatus of elec-
trosﬁatic thrustors as a component of electric pr&pulsion systemé, te
describe in detail their major research and develcpment probléms, and to
discuss th?ir peseible future nerformance

At present, the chemical rocket is man's 6nly operational ﬁrimary
propulsion system for space flight. : Nuclear rockets and electric ro *s 5
consist only of peper schemes and preliminary experimental equipment. It
is clear, however, that if the performance of these propulsion systems J
lives up to expectations their»use will meke possible many space;missidhs
thaﬁ aré'impracticai with chemical rockets. 7

‘Electric-propulsion systems can be divided into thfeermgjor pa;ts:

the electric powerplant, the thrustor, and any power-conversion eqpipmeq}

between the two. The requirement for eiectric:propulsion systems with

-

regard to weight and durability has been discussed rzcently in references .- -—— -

1l and 2. Electric rockets can be competitive in payload fréction with
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nuclear rockets for Mars missions only if they achieve a specific mass
of about 10 kg/kw or less. To be competitive in trip time aszwell as
payload fraction; the electric-propulsion system should be about 5 kg/kw
or less. '

Most, if not all, of electric-propulsion-system mass is usuaily as-
sumed to reside in the electgic poverplant. Analytical studies have
resulted in estimates of powérplant messes in the range from 1l to 6 kg/kw
(refs. 3 to 9).: The only operaticnal space electric powerplants, however,
are solar cells and therpoelectric systems with specific m;sses from 50 \
to 100 kg/kw - too hea&yhto match e#eﬁdthe smal. payload fraction of
chemical rockets. Re@uction of this large gap between actual and required
boqerplant weights is the aim of a large current research and development

-progrem in the U.S. Sincé the electric thrustor is useless without s
suitaebly lightweight electric powerplant, it must be assumed herein that
- this program will be successful. -

The first portion of this paper is devoted to an examination of the

present status of electrostatic thrustors with regard to their integration
. v

as a component in lightweight propulsion systems. An existing experimentel

thrustor is used as an example, ‘and the effects of the performance of this

. thrustor on some space missicus are determined.

From this examinstion, a number of shortcomings of existing thrustors
become apparent. Reasons for these shortcomings are explained in terms
of the basic physical processes for each of the thrustor types. Reseafch
and development programs on these problems are éummarized.

This paper is based on reference 10, wvhich contains considerable

edditional analysie and discussion.
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THRUSTOR PERFORMANCE

To illustrate the performancg and deficiencies of existing electro-~
static thrustors, the theoretical payload capacity of an electric rocket
vehicle is shown in figure 1 for a~one-way Mars orbiter mission sterting
in a low orbit about Easrth and ending in a low orbit about Mars. The
powerplant is assumed to have a specific mass of 4 kg/kw.

The upper curfé in figure 1 represents the maximum theoretical pay-
load for the assumption that both the thrustor and the power-conversion
equipment have 100 percent efficiency and negligible mass. In addition,
it is assumed that the thrustor is capable of operating with the contin-
uouély variable thrust required to maximize the payload during inter-
planetary transfer (ref. 11). Sirce the power (;) is mﬁintained con-
stant, the specific impulse I must élso vgry'continuously. The relation

between thrust and specific impulse is given by:
. .
f = 5 Fg I (1)

where the specific impulse is defined as

) (2)
Ectot

F 1is the tﬁrust, ﬁtot lis the propellant mass flow rate, and g. 1is
thé-gravitational qonversion factor. In the variable-thruqt optimized 7 -
trajectory (Irving:ﬁlﬁQ), the specific impuise veries over a large range - -
(e.g., 10:1) with the lowest specific impulse occurring in the planeto-
centr;c pﬁases (refs. 11 to 13).»g§ing§”existing”thfﬁstors are hoﬁﬂcapable

of efficient operavion over the required range of specific impulse, an

alternative trajectory, using constant specific impulse and thrust, with



ar. optimized coast period in the middle of the heliocentric phase may be

used instesd. The first loss in payload shown in figure 1 is due tc use

of such ccastant specific impulse trajectories. (This curve was calcu-
lated from information in ref. 14.)
The more advanced electrostatic thrustors require most of their power

in the form of high-voltage direc current, while power is generally pro-

- Quced in the form of low-voltage alternating current. The power could,

of course, be generated as high-voltage alternating current; so that only

rectification is necessary. But a recent analysis (ref. 15) of power-

' conversion equipment in the 1000-kilowatt powe:r range hss shown that con-

~ventional low-voltage electromagnétic generstors with transformers should

have lower specific mass than high;voltage electrogenerators without trans-
forriers for voltages ahove 2400 volts. Since- almost all thrustors require
voitages higher than 2400 volfs in the specific impulse.range of interest,
the high-#oltége electromagnetic génerator will not be considered further
here. Informatica in-reference 16 indicates that an electromagnetic gen-
erator power-cconversion system might be developed from present technology
with a specil'ic mass of about 6 or 7 kg/kw for the 1 to 10 megawatt power
level. ﬁith advanced technolégy, the analysis in reference 15 predicts
ahspecific mass of about 1.4 kg/kw. This latter estimate was used to

calculate the reduction in payload due-to -power-conversion equipment in -

figure 1. An efficiency of 90 percent wes assumed for this equipment.
Power losses and propellant loss in the thrustor may also seriously
reduce the payload capacity. As shown in reference 10, the thrustor

efficiency = 1is
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1l .2/
P F/mtot
1 E-—f—-—-— ) (3)
If some of the propellant is not ionized and accelerated, the efficiency

may be written as

. g ot Eﬁ::a5 - :
where @, is the propellant thst is ionized and accelerated (for sim-
plicity only singly charged propellsnt particles are conéidered here).

A propellant utilization efficiency msy be defined that acgounts for the

propellant loss:

(5)

and 8 powér‘efficiency may be. defined that accounts for electric power

loss:
Fe

p = Zﬁl_,_@ (6)

From these definitions the thrustor efficiency is
N = nnp ‘ ‘ | (7)

The efficiency of an existiné Lewis electron-bombarément thrustor has
been used to illustrate the effect of current thrustor inefficiencies on
payloed capacity in figure 1. - ‘ ,

The mass of thrustors can alsc reduce payload capebility. This mass . -
is strongly dependeﬁt on specific impulse and durasbility requirements. 2
The maes of existing thrustors is a substantial fraction of the'payload

mass, as illustrated in figure 1. The reduction in payload shown in
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figure 1 is based on extrapolation of durability test deta (to he dis-
cussed laster) for the current Lewis electron-bombardment thrustor. The
optimization procedure used is described in reference 10.

From figure 1, it is evident that existing thrustors would cause
considerable loss in payload or trip time due to thrustor inefficiency,
thrustor mess, and operation at constent specific impulse. Power-
conversion systems, even of an advanced design, would also cause much
payload loss. The net result of these losses is equivalent to an ilncrease
in overall specific weight from the assumed powerplant value 4 kg/kw to
about 10 to 15 kg/kw. Further calculations (presented in ref.-10) show
that existing thrustore would cause even greater relative loss in payload
capacity for Mars round-trip vehicles. Although space flight is possible
with existing thrustors, the potential geins in payload capacity warrant
8 criftical examination of the various electrostatic thrustor-design con-
cepts with regard to their possible improvement and ultimate performance.

ELECTROSTATIC THRUSTOR PRINCIPLES

In the electron-bombardment thrustor, propellant atoms or molecules
are ionized by electron impact. A plasme results in the ionization
chamber. The ions are extracted from the plasma by virtue of the electric
field in the accelerator. Propellants of interest in present electron-
bombardment thrustors are cesium, mercury, and heavy molecules (mass
greater than 200 emu).

In ﬁhe contact~lonization thrustor, atoms are ionized by surface
contact of & low-ionization-potential atom on a high-work-function sur-

face. The surfece is hot so that the ions are evaporated, after which



they are accelerated by the electric field of the accelerstor. The com-
bination of most interest is cesium aa the propellant and wolfram as the
surface.

The colloidal-particle thrustor is still in a state of basic and
applied research. There are a number of schemes for particle generation
and charging, which will be discussed in later sections. Propellant mass-
to-charge ratios of less than 100,000 amu per electronic charge are of
interest.

Al]l these  arusteors produce thrust with the same basic principle,
which is the acceleration of charged particles in an electric field, as
indicated in figure 2. ZElectrons removed from the propellant perticles
are drawn from the high potential charging chember, or ionizer, by the
electric powerplant and are injected into the charged-particle exhaust.
The charged perticles merely fall through the potential difference to |
obtain the desired exhaust velocity.

It is essential that the charged-particle exhaust be neutralized,
particularly since the accelerstor is at or near spece-charge-limited
current density (refs. 17 and 18). This neutralization requires: (1)
equal rates for the ejection of opposite charges (current neutralization)
to avoid building up & large charge on the space vehicle, and (2) equal
densities of opposite charges in the beam (charge neutralization) to
avold large space-charge effects within the beam. Early theoretical
analyses predicted that beam neutralization would be a serious problem;
however, early experimental operaﬁion in vacuum facilitles indicated that

the exhaust beams were in fact neutralized (ref. 19). In a series of
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definitive experiments, Dr. J. M. Sellen showed that lon beams up to

10 £t in length could be neutralized under closely simulated free-space
conditions (ref. 20). From these experiments, it appears that beam
neutralization will not be a fundamental problem. To obtain absolute
verification, beam neutralization will be tested in the SERT-1 space
flights described in reference 21.

The remaining neutrslization problem appears to be the development
of durable neutrslizers. The electron emitter should be only s few volts
below the potential of the neutralized beam. Because of space-charge
limitations on electron current, it is necessary to have a very short
distance between the electron emitter and the ion beam if the electron
emitter is to have a reasonably small size. If the edge of the ion beam
were sharply defined, the neuw.ralizer could éimply be brought up close
to the edge of the beam. Even if the ion optics were good encugh to mske
a sharply defined beam edge, charge-exchange ions would probably meke
some sort of shadow shielding necessary for long-life neutralizers.

An estimeted life of 25 hours was obtained for one of the shielded
configurations investigated in reference 22. This short lifetime was
probaebly the result of charge-exﬁhange ions formed near the neutralizer.
Since the potential difference between the neutrelizer and the exhaust-
begm plasma wes over 50 volts for this configuration, these charge-
exchange ions were sufficiently energetic to cause congiderable sputter-
ing erosion. A better shielded-neutreslizer design with only a 10- to
20-volt potentiel difference between it and the beam should have no

trouble reeching any desired lifetime. Since the neutralizer does not
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appear to offer any major problems and since neutralization problems
are substantially similar for all types of thrustors, they will not be
zonsidered further. It is true that a colloidal-particte thrustor may
require a supply of protons rather than electrors., but such & neutralizer
should still be a minor problem compared to the rest of the thrustor.
ELECTRON-BOMBARDMENT THRUSTOR

4 typical electron-bombardment thrustor is showm 1in figure 3.
Energetic electrons, contained by electric and magnetic fields, are used
to lonize gtoms in this thrustor. Production of ions by electron bom-
bardment is not a new concept. But previcus electron-bombardment ion
sources that produvced sufficient ion current to be of interest for elec-
tric propulsion (such as ref. 23) had current densities too high to be
transmitted by nractical accelerstor systems. The contribution ~f ref-
erences 24 and 25 was primarily an electron-bombardment ion source that
matched the current~density requirements of a long-life electrostatic
accelerator system operated in the specific impulse range of interest.

The performance of electron-bombardment thrustors obtained in the
initial investigations showed substantisl sdvantages as compared with
other ion thrustors of that period (ref. 26). Becausé of these advan-
tages, a sustained research program on this type of thrustor hes been
conducted at the NASA Lewls Research Center. More recently, contractuu.
work with private industry has augmented the work at Lewis (refs. 27
to 29).

The propellant is vaporized and passes through the distributor

into the ion chamber. 1In the ion chamber the propellent is bomberded
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by electrons from the cathqde. The collisions of electrons with the
propellant atoms are enhanced bty an axial magnetic field, which prevents
ioe rapid escape of electrons to the-anode. Escape of electrons to the
ende of the ion chamber is preveuted by opersting these ends et the same
potential as the cathode. Scrme of the propellant tecomes icnized by tiie
bombardment of electrons, and some of these ions arrive at the screen
and are accelerated into the ion beam. (The ions that are not acceler-
aved i to the ion bzam récombine with electrons at the walls of the ion
chamber.) Ar electrcn source {not shown in fig. 3) then neufralizes -
this ion beam. 7

The prodblem areas of this type of thrustor can be Jdivided into
those of the ion chamber,‘the magnetic field, the catnode, and the sac-
celerator. Thesé problem areas will be discussed in this order in the
following seéticns. |

| Ion Chamber

Foliowing the initial investigations of references 24 and 25, an
extended investization was conducted to determine optimuﬁ ion~chamber
geometry. This investigation is descrived in reference 36. The op-
timum of the cylindrieasl ion-chamber geometries investigated was a
length approximately equal to the diameter, and the anode length nearly
equal to ion-chamber length. Some optimization of distributor design
was found desirable for each combinatlion of current density and specific
impulse. The ion chamber was otherwise found to be insensitive to small
changes in geometry, and after extended testing, the optimum geometry

did not differ greatly from the best geometry reported in reference 24.

[
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The discharge power, approximately the cathode emission times the ion-
cnamber potential difference, ia shown as ar energy per beam ion in
figure 4 for mercury propellant and a good geometry. Some development
is required to obtainﬁthis level of performance, but it has been ob-
tained meny times - and frequently exceeded. In addition to changing
the distributor, the aécelerator geometry may also have to be changed,
.as discussed in the "Accelerator™” gection.

The standard operating condition for references 24, 25, and 30 was
with a 50-volt potential difference between the anode and-cathode in
the ion chamber. With this potentiel difference, it was found, in ref-
erence 31, that 5 to 10.percen£'of the ions leaving the ion chamber were
doubliy ionized, which would correspoﬁd to ; thrust loss of l%rto 3 per-
cent and an efficiency loss twice as large. Dropping the ion-chamber
potential difference to 30 volts had little effect on the discharge en-
ergy per beam ion, but the percent of dcubly ionized ions was found to
decrease to 2 to 5 percent. This reduction in potential difference also
had the beneficial effect of reduecing cathode sputtering.

desium has Been investigated as a propeilant for an electron-
bbmﬁardment thrustor designed by Dr. R. C. Speiser (ref. 27). A photo-
graph of this thrusior is shown in figure 5. The results indicate that
a somewhat lower discharge energy per beem ion can be expected with ce-~
sium as the propellant (as indicated by the second curve in fig. 4).
Even with the lower discharge power, though, the lower atomic weight of
,césium (132.9 versus 200.6 for mercury) would result in lower thrustof

efficiencies unless additional power savings were made elsewhere. As

B - &
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willi be discussed in the Cathode seétion, such additional power savings
are possible.

Propellants with even heavier atomic weights than mercury would be
desirable for improving both the efficiency and thrust density of an
electron-bombardment thrustor at low specific impulses. Since prospec-

tive propellants éo not exist as atomic species much heavier than mer-

. cury, heavy molecules appear to be the only practical substitute. 4n

investigetion cof possible heavy-molecule propellants is being conducted
at Lewis (ref. 32). Complete results have not yet been reported, but
considerable experimentai work has been coméleted. Preliminary analysis
of the data iﬁdicates that molecules subgtantially heavier than mercury
can be ionized and accelerated into a beam, but only for propellant uﬁif
lizatioﬂs less than 10 percent. The mean molecular weight is reduced
due to fragmentation at higher utilizations. Further experiments are
planned, but‘the simultaneous achievement of high utilization and high
mean molecular weight does not appear 1ike1y.‘

Some improvement ié ion-chember performance might be obtained
through ion-chamber accelerator interactions, as is discussed in the
"Accelerator" section. It is felt, though, thatAnear—optimum geometry
hes already been obtained for the ion chamber and that fﬁrtheruimprove-
ments would be small and difficult to achieve.

No problems were encountered concerning durability in the‘ion
chamber (with the exception 6f the cathode, which is treated in a sepa-

rate section) even though material as thin as 0.2 or 0.3 mm was used

“for various parts.
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Megnetic Field

The problem that has been sssociated with the magnetic field in
the past has been a compromise between weight and power. Solenoideal
windings on research thrustors, where weight is unimportant, can be
gquite heavy and have correspondingly low power losses. Such windings
may weigh as much as 10 1b for s thrustor with a lO-cm-diameter beam,
and have only a 50-watt power loss. On the other hand, a flight-typé
thrustor may have a field winding that weighs only 1 1b but have a
p@wer requirement of 200 watts.

A recent paper (ref. 33) indicates a solution to the power-weight
problem. The permanent-magnet design invéstigated in reference 33 has
8 mild-steel distributor plate and screen with permanent magnets posi-
tioned between the two. A:photograph of this thrustor is shown in fig- )
ure 6. As shown_in reference 30, ion-chamber performance is improved
when the field strength at the screen is less than that at the diétrib-
utor. The disparity in sizes»of the two pole pieces (distributor and
screen) shown in figure 6 is one means of obtaining this field strength
differernce. )

‘Except that no field power was required, the permanent-magnet
electron-bombardment thrustor operated in a normal menner. Extended -
operation and cycling conducted since referencé 33 was published has
resulted in no significant change in magnétic field strength. The only
adverse results are a lack of operatingvflexibili£y (which is of interest

mainly in research) and decreased thermal-stfuctural stability of the

mild-steel screen as compared to the molybdenum screen it replaced. More

-~
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careful design for thermal-expansion effects should solve this latter
problem.

One of the most important virtues of the permanent-magnet design
of reference 33 is its low weight. The tcotal weight of the permanent-
m&gnet thrustor is 3 1lb, which is almost exactly the weight of a flight-
type thrustor of the same size (10-cm-diameter beam) that employed a
high-loss, low-weight solenoidal winding.

‘ Cathode

Both power and lifetime problems are associated with the cathode.
The early electron-bombardment thrustor experiments at the Lewis labora-
tory were conducted with tantalum, and occasionally wolf:am, cathodes.
Although pure tantalum has severe power and durability problems, it is
very easy to use and gives réproducible results. A desired lifetime
with tantalum is achieved simply by supplying sufficient cathode mate-
riél to offset sublimation and erosion. From tests with tantalum strips
at Lewis (ref. 34), it appears possible to use tentelum for attitude-
control thrustors where the actual operating time may only be 100C to
2000 hr, and efficiency is pot of primary importance. For main propul-
'sion systems, with antiéipated lifetires of perhaps 10,000 hr, tentalum
cathodes are out of the question. Wolfram, with electron-emission char-
acteristics similar to tantalum, would also be unacceptable.

A nore promising type of cathodé uses alkaline-earth carbonates in
a composite structure with nickel or some other relatively iner:t metal.

The metal provides a structural métrix to hold more of the emitter mate-

rial than could be applied with just a coating on the outer surface. A
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nickel-matrix cathode described in reference 28 was operated in an
electron-bombardment thrustor designed at Ion Physics Corporation
(fig. 7) for periods wp to 300 hr. Investigations have been conducted
at Lewis with another type of metal-matrix cathode. One test at Lewis
in a simulated thrustor (a complete thrustor except for ihe accelerator)
had a duration of more than 1500 hr. The heater power increased with
time, going from sbout 15 tOVSQ;watts per emitted ampere at the end:of
}600 hr. The performance obtained to date indicates that good éffi-
ciency for a 10,000-hr life may be po;sible'with this type of cathode.

:A final type of cathode to be considered is the autccathode being
developéd by Electro-Optical Systems in conjunction with the electron-
bombaerdment thrustor of their design (fig. 5)<reported in reference 27.
Use of cesium propellant to provide a low work functidn emitter surface
and ion bombardment for heating it results in a long-life cathode that
requires no heating power. The ion-chamber pétential difference with
. cesium as the propellant can be sufficientlf low so that cathode sputter- .
ing is not a prbblem, and the temperature of s cesium-coated cathode can
be so low that sublimation of the base metal should be negligible. Thus,
there should be no major cbstacle to the attaimment of a 10,000-hr life-
‘ time, or even longer, with this type of cathode. The major shertcoming
is the increased charge-exchange cross section of cesium,vwhich serves
to limit the thrust-to-area ratio of the accelerator.

The ion chamber, the magnétic field, and the cathode, just dis-

cussed, are the major loss sources in g well-designed electron-bombardment -

thrustor. A good estimate of the performance that can be expected with
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mercury as the propellant ié obtained by selecting an electron emitter
loss of 20 watts per emitted ampere, a 30-volt ion-chamber discharge,
and the discharge losses quocted iﬁ>the Ion Chember section. An addi-
tional l-percent jet-thrust loss may be assumed for impingement and off-
axis velocity effects. The performance calculated with these assumptions
was presented in reference 35, and is shown in figure 8. A trade-off
can be made between ion-chamber and propellant-utilization losses. The
optimum utilizetion (for efficiency) is also shown in figure 8. Although
& minimum power-to-thrust ratio of about 100 kw/lb is shown in figure 8,
operation below about 4000 sec is difficult because of accelerator
Eurrent-density limitations. A iower-to-thrust ratio of ahbout 150 kw/lb
would therefore be a more realistic lower limit. Similar celculations
were made for cesium as the propellant. The assumptions were the same
except that the lower discharge losses of cesium were used, and a 20-volt
discharge was assumed. A small cathode powe; loss of 5 watts per emitted
smpere was assumed so that better control of the discharge could be ob~
tained than with an autocathode. The optimum efficiency obtained wifh
cesium was sbout 1 percent higher than that shown in figure 8. The op-
timum utilization was also increased 1 to 2 percent over that of fig-
urg78. Although the curves of figure 8 are calculated, experimental
values within a few percent of the maximum efficiency curve have been
obtgined over & wide range of specific impulse.
Accelerator
The problem poséd by the accelerator is primarily one of durgbility.

A thorough study of accelerator configurations for the electron-

s
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bomovardment thrustor ﬁaa conducted at Lewie and is presented in refer=-
ences 36 and 37. As shown in reference 3€, operation well below space-
charge limitations with a carefully aligned accelerstor system can result
in impingement currents approaching that from charge exchange alone.
Llater tests at Lewls (ref. 38) have verified this conclusion. (With
mercury as the propellant, the ion-impingement and accelerator-drain
current are substantially equal. The messurement of ion impingement
with mercury is thergfére much simpler than with cesiium.)

As shgwn in reference Sé, the accelerating system of existing
thrustors with 10-cm~dismeter beams should last 10.000 hr ot a specific
impulse of 4000 sec and a propellant utilizstion of 76 percent if the
current of:mercury ions does not exceed about 0.1§ amp. This lifetime
corresponds té a total ion impingement of 3.3 amp-hr, which is suffi-
cient to erode through the thinnest sections of the accelerator. The
variation of lifetime ¢ with ion-beam current and propellant utiliza-
‘tion is of the form

Ty 1 | (8)

-y og

f =

when charge exchange is assumed tc be the primary cause of accelerator
impingement. The effect of specific impulse on lifetime is also of in-
terect. Howevep; since different combinstions of net accglérating po-
tential difference Onet and pfopellant utillization can yfeld the same

specific impulse, the lon energy (and hence sputtering damage) therefore

does not have a unique relation with specific impulse. A working relg~ -

-tion for the effect of specific impulse may be obtained by assuming
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utilizations near the optimum for efficiency, as shown in figure 8. The

lifetime proportionality thereby obtained is

W 1 (4000 113
LT g2 < I ) (9)
B N

Us_ag the lifetime data at 4000 sec trom reference 38 for a 1l0-cm beam
thrustor yields a constant of proportionality. The meximum ion current

for this size thrustor is thus:
1/2
(10)

3. o |2:28 (W (4000)1'13
B71 ¢ \1-nmy I

with £ the lifetimé in days. This equation, together with an actual
single module weight of 3 1b, was ‘used to calculate wveight figures for
an electron-bombardment thrustor shown in figure 9. Figures 8 and 9
»were used for the calculations of figure’l. Any desired lifetime can
be obtained simply by reducing the ion-beam current to a small enough
value. The efficiency of an electron-bombardment thrustor, unlike that
of a contact-ionization thrustor, is substantially independent of current
dens...y. The only adverse effect of lowering the ion current deﬁsity is
the increased size, and hence weight, of the thrustors.

The effect on the accelerstor lifetime of changing the propellant
to cesium can be estimeted by comparing chérge-exchange crogs sections
and atom-ion spﬁttering ratios for cesium and mercury (refs. 38 to 46).
The charge-exchange cross section for cesium is two to three times as
large as that for mercury. The effect of the larger charge~exchange
cross section for cesium, though, is élmost balenced by a reduced sput-

tering (using molybdenum for both). If it is sssumed that these two
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Jactors balance, the only effect left would be thet of charge-to-mass
ratio and spacing of the accelerator. Since the acceleration voltage
for a given specific impulse will be less with cesium, closer accelerator
spacings might be expected with cesium, which would lead to reduced
charge-exchange impingement. However, the thrustor weight is greatest
et low specific impulses, where the same minimum asccelerator spacing
(determined by fabrication and structural stability considerations) will
probably be used for both cesium and mercury. Thus, although the use of
cesium gives the best prospects of & long-life cathode, it will probably
cause substantial increases in thrustor weight at low sﬁecific impulses.
For the same sccelerator spacing, the thrust per unit area with cesium
would only be about two-@hirds that with mercury.

"The finsl topic:for the accelerator section concerns £he interaction
with the ion chamber. The data for the various accelerator configurations
investigated in reference 38 éhow substantial effects of accelerator con-
figuration on lon-chamber performance. In general, increasing the per-
centage of open area in the screens, reducing the screen thickness, and
increasing the accelerating potential difference resulted in lower ion-
chamber discharge power loss. One aspect 1s certainly the loss of ions
due to collision on the screen. Changing the variebles in the direction
in&icated will tend to reduce these collisions. It is difficult, though,
%o explain all of the observed interactions in terms of ilon-screen colli-
sions. The électric field from the accelerator system apparently can in-
fluence ion motion in & substantial portion of the ion chamber, far more,

for example, than would be indicated by a calculation of Debye shielding
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distance (less than 0.1 mm). In any event, the accelerator configura-
tion can have & substantial effect on ion-chamber perrormance. This
effect should be considered when trying to optimize performance.

As may be surmised from the preceding discussion, several areas of
research on the electron-bombardment -hrustor arpeaer .o be reaching
completion. The ion-chamber configurailion, magnetic-field design, and
the accelerator structure all fell into this category. A possitle ex-
ception might be an attempt to produce more uniform curvent density,
wﬁich would permit considerably greater power densities for the same
lifetime,

The cathode is probably the most important remaining component re-
search ares. The cesium autocathode described in reference 27 is one
promising solution. As ﬁas pointed out, however, the use of cesium
places more severe limits on the thrust-to-srea ratio at low impulse
than does mercury. This effect alone is sufficient reason to continue
resesrch on alkaline-earth carbonaste cathodés, particularly since very
substantial lifetimes have already been obtained. Another reason for
continuing research on the alksline-earth carbonate cathode is the
possible use of other propellants to obtain variable specific impulse
operation.

CONTACT-IONIZATION TERUSTORS

The basic concept of the contact-ionization electrostatic thrusfor
was presented by Dr. E. Stuhlinger in 1954 (refs. 41 and 42). Since the
beginning of active experimental work on electric thrustors in 1957-58,
the major shere of research and development has been devoted to the

contact-ionizetion thrustor.
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The distinguishing featufe of this thruétor is tl e method of ionize=-
tion of propellant atoms. Stuh}inger noted that elkali metal atoms such
as cesium could be ionized with high probability on surfaces with high
work functions such as wolfram and then could be accel.vated with an
electrostatic field, as indicated in figure 10. The early work on the
contact-ionization process by Irving Langmuir, Becker, and others showed
that the cesium-wolfram system provided ionizetion probabilities as high
as 99 percent. In order to preserve the high work function, ﬁowever, it
was necessary to allow only & small fraction of a cesium monolayer on
the wolfram surface. This was accomplished by maeintaining the wolfrem
surface at a high temperature (1300° to 1500° K).

The high temperature causes a considerable thermal-radistion loss,
thereby reducing the thrustor efficiency (by increasing the power ®)
as shown by equation (3). To obtain a reasonsble efficiency, & high
ion-beam power per unit area must be attained. Ion-beam power density
may be limited by minimum practical accel distances. For ¢ fixed accel
distance, cesium provides a higher exhaust-beam power density than the
other alkasli metal atoms by virtue of its highest mass.

For the reasons of highest ionizetion probability and highest beam
power density, the cesium-wolfram system has been generally accepted as
the best for the contact-ionization thrustor. From such optimistic be-
ginnings, contact-ionizatién thrustors have progressed through muc. re-
search and development and stand today as nearly flight-worthy devices.

One type of contact-ionizastion thrustor is under development at

Flectro-Optical Systems. The progress and performance of this thrustor
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are described in references 43 to 48, and a photograph of one of the
design versions is shown in figure il. Another type of contact-
ionizaticn thrustor is under development at Highes Research Laboratory.
The progress and performarnce of this thrustor are descrived in refer-
ernces 49 to 53, and a photograph of one of the design versions is shown
in figure 12.

Botk of these thrustors are based on common fundamentals, so they
will be discussed concﬁrrently. Both heve porous wolfram ionizers. By
virtue of its owm vapor pressure, cesium diffuses through the pores of
the ionizer ard is ionized by contact on the "downstream" face of the
ionizer. The cesium ions are then accelerated by the accelerator elec-
trodes. The cesium lons are singly charged, so their final speed is
uniform.

The mejor power loss in these thruétors is due to thermal radiation
from the ionizer. Conduction heat loss has been minimized, and the
"apetream" side of the ionizer and propellant-feed manifolds are well
insulated to minimize thermal-radistion loss. The accel length has heen
made ae short as presently possible and is only a few millimeters in
both thrustor concepts.

As shown in figures 11 and 12, the EOS thrustor consists of an
array of ionizef "buttons" and circular electrode apertures, while the
Hughes thrustor consists of concentric "annular" ionizers and exhaust
apertures. Both thrustors have concave ionizer surfaces but different

electrode shapes. The neutralizer designs are also different.
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Ion Optics
Inasmuch as the ions come from a physical surface in the contact-
ionizgtion thfﬁstor (es opposed to a diffuse plesma in the electron-
bombardment‘thrustor), the boundary values for the acceleration process
can be well defined. A veriety of theoreticel methods of predicting
ion trajectories therefore can and have been used. Analytic solutions

are summarized in reference 54, while numerical methods of solution are

given in references 55 and 56. An electrolyfic-tank analog computer has
been a standard design tool at Hughes. The rubber-sheet analog has also

been used verious places but is limited in usefulness due to the imprac-

ticality of space-charge simulation.

Theoretical solutions to the acceleration process are of greater
importance for the contact-ionization thrustor, than for the electron-
bombardment thrustor. Direct impingement of primary ions is mesked not
only by impingement of charge-exchange ions but by electron emission
(both secondary and thermionic) from the accel electrode. Drain ~ur-
rents from the accel electrode may be as high as 15 percent of the ion-
beam curreat at ion cur;ent densities of 250 amp/sq m (ref. 57). A
. recent theoretical analysis (ref. 58) shows that thermionic elecfron-
emission currents frum the accel electrode may be very high fractions
of the cesium ion current. Neutral cesium atoms from therionizer can
form a layer on the accel electrodei thereby producing a low work func-
%ion‘surface,and rgsulting in high electroﬁ-émission currents. The
analysis predicts that either cooling or heating the accel electirode

a few hundred degrees Kelvin will reduce the electron-emission current

to a negligible level.
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Both the EOS and Hughes thrustors are believed to have satisfactory
ion opties. In both thrustors, the ion beam is slightly "overfocused"
so that the edge of the beam is a finite distance from the accel and
decel electrodes. This separation distance easeé design and fabrication
tolerances and reduces the effect of ion thermsl velocities to & negli-
gible level.

Computer s lutions for space-charge-flow geometries such as the
EOS and Hughes thrustors show that a considerable variation of ion cur-
rent density may occur across the ionizer surface (ref. 57) without ex-
.cessive impingemenf. Nonuniform current density, though, may have other
consequehces, to be discussed later.

Charge Exchange

Although the cesium-wolfram systen has a very low emission rate of
neutral cesium atoms under ideal copditions, this emission is not negli-
gible. Optimization of efficlency requires that meximum current and
power densities be used. The optimum is, of course, the highest current
density that is conéistent with lifetime requirements. As was mentioned
in the preceding section, measurement. of ion impingement is complicated
by elecfron emission from the accelerator electrode. The erosion ef-
fects of~éharge-exchange ions must therefore be determined either from
actual lifetime tests or from theoretical studies.

A theoretical study at Hughes with tlhie electrolytic-tank analog
computer showed that charge exchange in only a portion of the region
near the electrodes contributes to charge-exchange impingement (ref. 29).
The region that produces charge-exchange interception for a particular

electrode configuration is shown in figure 13.
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The durability of the EOS and Hughes thrustors has not been fully
established either on a theoretical or an experimental basis. Itris
nevertheless of interest to estimate the durability of their electrodes
with tﬁe data obtained for the bombardment thrustor in reference 38.

If it is assumed that equal amounts of accelerator electrode material
erosion are allowable in cesium and mercury thrustors, that the volume
of the charge-exchange region and the accelerstor designs are the same,
and that the charge-exchgnge cross sections are GHg = 6x10-15 sq cm

(ref. 38) and on. = 2x10"*% sq cm (ref. 39), then the ratio of allow-

Cs

able current densities 1is:

0.5 0.5 0.5
J Y } -7 .
L5) _o.55 Y—Hﬁ U T L (11)

From reference 38, the éputtering yield is Yﬁg = 1.5 atcms per ion for
SOCO'ev Hg+ incident on molybdenum. The EOS thrustor has coppér accel
. electrodes, so that sputtered atoms of copper carnot contaminate the
ichizer (the meltiﬁg point of copper is less than the ionizer operating
temperature). From reference 39, Y, = 6 atoms per ion for 5000'ev Cs*
incident on copper. For the same accel potential QA and assuning

that Yﬁg and Y., are both proportional to 02'7,

. Lo \O5/ o 05
=] =o.27 - g (1 _rUn (12)
He/p v/ T s

With this expression, it is possible to estimate the comparative per-
formance of the contact-ionization thrustor with that of the electron-

bombardment thrustor previously described. The durability of the
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electron-bombardment thrustor is for the overall thrustor module ard is
limited by the current density a£ t.e center of the accel electrodg
plate. This current density is about three times the average currént
density of the module. By applying this correction, it is possiﬁle to
make a rough estimate of the agllowable exhaust-jet powef density of a
comparable contact-ionization thrustor. The results of this estimate

ere shown in figure 14 for an accel electrode durability of 400 days.

" If a material with a low sr:ttering coefficient could be used for the

accel electrode in piace of copper in the contact-ionization thrustor,
it might he possible to double the power densities shown in figure 14.
The low powver densities shown in figure 14 could have a serious adverse
effect on thrustor size and spécific mass. A similar consequence exists
with regard te thrustor efficiency, which will be discussed in the next
section.

It should be noted that the calculations presented in figure 14
are subject to the accuracy of the assumptions. In charge-exchange ion
erosion of‘the accel electrode, the allowable current density is in-
versely proportional to the square root of the charge-exchange cross
section, charge-exchange region volume, and sputtering yield. This
relation tends to reduce the sensitivity of the velue of current density
to errors in the other parameters. For this reason, the estimate shown
in figure 14 ﬁﬁy be used with a fair confidence.

Pérous Ionizer -

From the preceding brief discussion and apéroximate cglculations

regarding charge exchange, it is clear that low neutral-atom concentra--

tlon is essential for cbntact-ionization thrustors. Since the ionizer
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is responsible for admitting neutral cesium atoms, it is appropriate to
examine the status of this component in detsil.

Because of the charge-exchﬁnge problem, the pcrous ionizer has been
accepted as being superior to solid ionizers (with a reverse flow of
fresh neutral atoms passing through the ion beam). In porous ionizers,
the cesium vepor flows through the ionizer pores by both Knudsen flow
and surface diffusion. If the flow rate due to surface diffuvsion is
greater than that due to Knudsen flow near the pore exit, the predominant
fraction of the cesium will flow onto the downstream face of the ionizer,
a8 indicated in figure 15. Theoretical analyses of this model of flow
'and ionization have indicated the need for submicron po;e diameters at
high ion current densities (refs. 59 to 61). Experimental dete on the
neutral-atom efflux from small samples (5 mm diametér) show that neutral
efflux increases as ion current is increased (refs. 62 to 66). ‘Typical
Jdata are shown in figure 16, taken from reference 64, for a pore size

of sbout 2 microns and a pore density of 106 cm~2

with various porous,
materigls. Porous ionizers with these characteristics are comercially
available.

Experimental data recently reported in reference 65 confirn the
need for small pore size. Wolfram ionizers made from sphericsal powder,<
and others made from wire bundles, were compared with commercial wolfram
samples having a 2-micron pore dismeter and 2x108 pores per square centi-
meter. The neutral atom efflux from these ionizers is shown in figure

17. It is evident that the spherical-powder wolfram ionizers provide a

lower neutral-atom fraction.
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To obtain satisfactorily low neutral~-atom flux, the pore size must
be smaller than presently obtainable, and the pore density (number per
unit area) must be high, for instance, greater than 3x10° cm~2 (ref. 64).

The use of small diameter wolfram powder would presumably provide these

_requirements; however, it appears that with small powder diameters, the

porous ionizers continue to sinter at the ionizer operating temperature.
This sintering filis up tﬁe pores and increases the density o>f the ion-
izer, resulting in increased neutral-stom efflux that eventually result
in cracking due to reduction in volume. At Hughes, several porous-
wolfram ionizers with 2- to g-micron pores have been operated for 11
months at 1440° K (ref. 64). The 4-m.icron pore-size ionizers appesr to
have retained stability over this time, but fhe 2-micron pore-size ion-
izers have suffered substantial increases in flow transmission coerfi-
cient. It is possible that this increased flow may indicate the presence
of microcracks caused by reduction in volume due to sintering. Thus,r
small powder/diameter wolfrem ionizers of the type necessary for low
neutral-atom effluxes may sinter shut or crack during the lifetimes re-
quired fgr space flight.

In addition to the effect on long-term ionizer sintering, the ion-
izer temperature is also of great inportance to thrustor efficiency, be-
cause thermal radiation from the ionizer constitutes the major power
loss. In early work on contact ionization, it was found that below a
certain critical tempersture mostly neutral atoms are eveporated from
the surface, while above this temperature mostly ions are emitted. A

similar critical temperature is found for porous emitters, although the



- 29 -

ion-atom emission does not change as sharply as for solid surfaces. The
effect of ionizer temperature on ion current density and neutral-gtom
fraction is exhibited by typical data from reference 65 shown in fig-
ure 18. Neutral-stom efflux minimizes at about 1460° K (this is the
neutral-fraction critical temperature), while the ion critical tempera-
ture oceurs at about 1360° K in figure 18. Operation at minimal neutral-
atom flux would increase the thermal-rrediation loss by737'percent in this
cage. The data in reference 64 suggests that smaller pore size and in-
creased pore density could reduce the critical:temperatures for ion cur-
rent and neutral-atom fraction. This is supported by the theoretical
analyses of references 59 to 61.

As mentioned in the section Ion Optics, particular thrustor designs
mey have a nununiform current density across the ionizer surface. It
is evident that the ionizer must be operated at a temperature high enouga
to accommodate the highes§ local current density. Typical neutral-
fraction critical temperafures given in reference 65 for spherical-powder
wolfrem ionizers are shown in figure 19. If the average current density
were 60 amp/sq m and a pesk existed at 180 amp/sq m, the incresse in
ionizer temperature requi;gd to pre.ant high neutral-atom efflux from
the hig.a current spot would ‘-esult in & 25-percent increase in thermal-
rediation loss.

With the equations presented in the Charge Exchange ‘section, it is
possible to estimate the maximum thrustor efficlency on the basis of the
best e#isting porous~-wolfram characteristics. The spherical powder data

from figure 17 were used. The emittance of porous ionizers may be subject
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to surface éonditions (ref. 64); so an average value of 0.5 was assumed
herein. The heat loss is assumed to be only the thermal radiation from
the downstream face of the ionizer. With these assumpticns, the esti-
mated maximum efficiency is shown in figufe 20 together with the present
efficiency of the electron-bombardment thrustor. TFigure 20 illustrates
the comparatively insensitive nsture of this estimate to small errors,
with a 3 to 1 difference in accelerator spacing resulting in an ll-percent
efficiency change, or less. Figure 20 also illustrates the serious short-
comings of nresent porous~wolfram technology. Without drastic improve-
ments in this technology,,presént electron-bombardment efficiencies can-
not be equaled with long-life contact-ionization thrustors.

A similer estimate of exhaust-jet power density is shown in fig-
ure 21, which shows that contact-ionization thrustors'are about the same
size as electron-bombardment thrustors. However, contact-ionization
thrustors probably fequire heavier construction than electron-bombeardment
thrustors and will not have lighter weights than those shown in figure 9.

The estimates of contact-ionization thrustor performance made herein
are based on the use of a single set of accel electrodes. It is evident
that if the accel eleétrodes could be replaced en route with reliable,
lightweight mechanisms, then the allowable current density would belin-i
creased and higher performance would be possible.

The present efficiencies of EOS and Hughes thrustors (reported in

ref. 67) are shown in figure 22. Thege efficiencies are maxime and are

" not necessarily compatible with durability requirements of interplanetary

missions.
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The neutral cesium atom efflux from porous-wolfram ionizers can be
reduced if uniform submicron pore sizes and high pore densities (number
per unit area) can be obtained. At the same time, sintering at ionizer
operating temperatures must be slow enough so that the ionizer has a
durebllity of at least 400 days. This ionizer problem has been recognized
for a number of years, and many man-years of applied research have been
devoted to ionizer improvement. In spite of this effart, satisfactory
porous-wolfram ionizers have not yet been developed.

A number of possible research avenues are discussed in reference 68.
These avenues are, in one form or another, presently under investigation
-in a number of laborsatories.

Othef geometries also offer some hope of improved performance for
contact-ionization thrustors. E#ﬁmination of figure 13 shows that
chargé-exchange impingement results primerily from charge-exchange
processes near the accelerator, with those occurring near the ionizer
beiﬁg rélatively unimportant. A divergent-flow tarustor, such as de-
scr;bed in reference 69 and shown in figure 23 would-have a high current
density at the iouizer to decrease the heat loss, but a low current den-
sity neer the accelersator, where most of the erosion effects originaté.
Celculations for a divergent-flow thrustor (wiph an area ratio of é
between the ionizer and the beam at the accelerator aperture) indicate
that efficlencies slightly better than those of present electron-
bombardment thrustors might be achieved with present porous-wolfram
teehqplogy.

Perhaps the lover neﬁtral frections and heat losses of solid-

wolfrem ionizers would even Jjustify a return to the reverse-feed concept
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descrived in referencer 70 to 72. If the neutral cesium were introduced

close to the ilonizer, as indicated in figure 24, the charge exchange

would be substantially restricted to the "safe" region near the ionizer.
COLLOIDAL-PARTICLE THRUSTORS

Complete colloidsl-particle thrustors do not exist at present.
Devices have been operated in which colloidal parlicles are generated,
charged, and accelerated; but these are only preliminary experiments and
do not qualify as thrustors. The purpose of this section is to review
and evaluate experimentel work on potential colloidal-particle thrustor
components.

The motivation for colloidal-particle resesrch is similar Lo that
for heavy molecules. By iﬁcreasing the particle maess, the ratio of
kinetic energy to charging energy shculd increese at any given exhaust
velocity, thus raising the efficiency. This increase in efficiency is
most needed in the lower range of specific impulses, so the generation
of particles should be examined with a view to their use at these lower
values. A number of particle generation schemes are presently being
investigeted. The minimum mean mass-to-charge ratio m/q that has been

obtained experimentally with each of these methods is as follows:
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Method Minimum mean Reference
m/q, amu/Ze :
Ion nucleation 1,400,000 73
P.eformzd (agglomerated) solid 950,000 74
Liquid drops from sprays 480,000 75,76
14,000,000 77,78
Surface condensation 700,000 79
Vapor condensation 100,000 80,81

If a specific impulse of 5000 sec with a net accelerating potential
difference less than 100 kv is considered, then the maximum usable w/q
should be about 8600 smu/Ze. Even if the potential difference were
raised to 108 volts, the maximum usable m/q would be below the values
shown in the preceding table. Although work in this field has been going
on for several years, the total research effort has been small.

Research is continuing on each of the above methods in an effort
to proviie the prorer m/q range with good utilization efficiency.

Ion Nucleation )

Tn the ion-nucleation method (ref. 73) a supersaturated vapor stream
ig partly ionized. The ions are intended to be condensation nuclel. By
applying a retarding electric field, the nuclei are slowed down tc pro-
vide enough time for particle growth. Charged particles with a large
encugh m/q would pass over the retarding potenfial difference, so that
a supply of particles with uniform m/q would result. This method is
still in the basgic research stage.

Preformed Particles
Preformed solid pérticles with a mean size of 70 R have been gravity

fed through ducts to an electror-bombardment ionization chamber, ilonized,
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accelerated, and analyzed for charge/mass distribution (ref. 74). The
particles were iritially agglomerated and remain partly agglomerated
through the charging process. However, the ﬁass/eharge ratio was only
about a decade too high, so this experiment provides scme evidence that
the use of preformed solid particles might be possible.

Electric Spraying

A major share of the collcocidal-particle-thrustor research has been
devdted to particle genersiion and simultanecus charging of electrically
sprayed liguid droplets. The drops are formed and charged st sharp
nollow needle points (refs. 75 to 78) or at a sharp edge cf a spinning
cup (ref. 82) with a high electric field at the point or edge. Drop
formation occurs by a combiration of Tluid instability and dielectrec-
phoresis (refs. 75 and 78). Charging occurs at the instant of separa-
tion from the tip by charge transfer.

The electric field strength must be high &t the tip in order to
obtain small drop sizes. If the field strength is too high, a glow dis-
charge cecurs that generates a large ion current. This ion current may
cauce a serious pcwer loss in the accelerator. <Recent experiments hiave
shown that the electric spraying prccess may be speradic (ref. 77). At
first, the liquid tip is sharp, and small size charged drops are emitted.
Then the liquid tip builds up arnd a very large charged drop is emitted
accompanied by many ions. 7These sequences ave sporadically repetitive.
These data also show & very wide range of m/q.

The high-speed photomicrographic datg of reference 77 iﬁdicaté that

if the liquid is conducting, the electric field penetrates the bulging
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liquid drop at the tip preventing the formation of small drops. If the
liquid is nonconducting, the high field strength is preserved, but a
finite time is required to accumulate a charge in the "liquid tip".

This low rate of charge accumulation limits the mass flow rate of liquid
from each hollow needle. For example, a mauximum current of 1 micro-
ampere per needle is quoted in reference 75. If the net accelerating
voltage were 106 veits, there would be 1 watt of thrustor exhaust power
per need.e. From the preceding sections it is evident that an exhaust
power density of 100 kw/sq m is required in order to be comparasble in
size with the existing electron-bombardment thrustorrat 5000 sec. At

an exhaust power density of 100 kw/sq m, 16° needles would be required
per square meter. The needle spacing would be 3 mm. It seems reasonable -
to expect that such a needle deﬁSity would lower the electric field
strength at each needle tip, perhaps below that required for electric
spraying.

The charge-accumulation limit also appears pertinent to the surface-
~ondensation scheme. In fact, the literature does not contain even sp-
proximate analyses to demonstrate that the electric-spreyirg or surface-
ccnuensation schemes might be useful in real electrostatic thrustors.

Vapor Condensation

To date, the vapor-condensation method has not only produced values

of m/q appfoaching the range of interest for propulsion (ref. 80) but

has also been incorporated in a laboratory device that has produced a

substantiel thrust (ref. 81). 1In this method of particle generation, -

a supersaturated vapor enters a condensation shock wave'whérerparticleE
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nuclertion occurs. Subsequent growth is controlled by the flow condi-
tions. The colloidal particles are then charged by electron attachment
in a glow discharge. Particle size distributions have been measured for
a number of propellants such as AiClz, HgCl,, and HgCl. Ion currents
have not been observed. The fraction of total propellant that is con-
verted into colloidal particles has yet to be determined.

The vapor-condensation method (refs. 8C and 81) is being investi-
gated.at Lewis in apparatus resembling a real thrustor. The past ex-
periments have been made with a 50,000-volt power supply, but a 150,000-
volt facility is now available, and a 400,000-volt facility is under
construction. With such high-voltage power available, a greatly im-
proved evaluation of this thrustor concept will be possible.

Qﬁadrupole and monopole massenfilters (mass spectrometers) are
being developed st Lewis for measurement of particle mass/charge'in_the
exhaust beam from experimental thrustors. With messurements of particle
mass/charge, thrust, beam curreut, particle size, and total propéllant
mass flow rate, it is expected that an accurate,determination'of é;;pel-
iént utilization can be made.

Fundsmental studics of particle nucleation and growth are béing
made at Lewis. It is hoped that such studies will aid in the design of
particle generator nozzles that will provide particles with a mass of
less than 100,000 amu and with the narrow size distribution,'which is
necessary for good accelerator efficiency. In addition to the electron-
attachment method of particle charging, several other methods are under

investigation, which include electron bomberdment, field emission, and

photoionization.



- 37 -

CONCLUDING REMARKS

Witn the exception of the cathode, the electron-bombardment thrustor
is capable of durabilities required for interplanetary round-trip mis-
sions. Experimental data from recent cathode tests indig;te that
alkaline-earth carbonate coatings may provide adequate durability at
acceptable heater-power levels. It is also expected that the autocathode
version of the electron-bombardment thrus.or will have adequate durability.
It is difficult to foresee any substantial improvement in the efficiency
of the electron-bombardment thrustor. Althoﬁgh serious payload losses
would be incurred with the electron-bombardment thrustor{ it could be
used for- most electric-propulsion missiong in its present form.

The ionizer in the contact~icnization thrustor is not adequate at
present beceuse of the inability to produce porous wolfram with suffi-
ciently low neutral-atom loss and simultaneously to prevent unacceptable
in-flight-sintering rates. Because of the high neutral-atom losg from
- porous wolfram ionizers, charge-exchange ién erosicn of electrodes placeé
a severe limit on contact-ionization thrustorrefficiency, particularly
in the lower range of specific impulse. The problems of porous wolfram
ionizers - unless modified by substantial improvements in technolog& -
are {ormidable enough to prevent the use of contact-ionization thrustors
for primary propulsiomn.

Colioidal-particle thrustors do nof exist at present. With the
e;ception of the vapdr-condensation‘method, existing methods of colloidal-
particle generation prodgce particles with much too hign a mass/charge
ratio. At present, phe vepor-condensation method would require acceler- ‘

ator voltages of 400,000 volts to obtain a specific impulse of 3000 sec,
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which is neer the lowest value qf interest. Not enough is known ;f
present ﬁo-predict acc;ratqu the ultimate perforhgncé of the colloidal-
particle thrustor. ﬂ

. Comperisons betﬁeen electrostatic, electrothermal, and electromag-
netic (plasma) thrustors have been avoided.<:M1ssion analyses (such as
in réf. 10) showrthat the specific impulse of electrothe?mal thrustors
is well below the range of interest for intérplanétary missions. Exist-_

ing plasma thrustcrs héye,unacceptably low efficiencies, and there ig

10 concrete evidence at present on»ﬁhich'to base estimates of future °

performance. , . : | o - -

The development of ipaeratei&:efficient thrustors, with excellent

~ >

%o highlight the shortcomings of eleétric~propulsion as a sys%émm The

need for_effiqient,'lightﬁeight,:reliable electric pover sources anqn’

pover-conversion equipment is particulsrly obvious. ' .

T
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Fig. 6. - Permanent~magnet 10-cm module of electron-bombardment
thrustor designed at the NASA Lewis Laboratory for mercury
propellant.
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Fig. 7. - Electron-bomhardment thrustor designed at Ion Physics Corp.
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are described in references 43 to 48, and a pheciograph of ore of the
design versions is shown in figure 1l. Another iype of contact-
icnizaticn thrustor is under development at Higres Research Laboratory.
The progress and performance of this thristor are descrilted in refer-

ences 43 tc 53, and a photograpr of cne of the design versicns 1s snown

Roth of these Ihrustors are besed on common furndamentals, so tiey
will be discussed concurrently. Both have porous wolfram ircnizers. By
virtue cf its ov- vapor pressure, cesium diffuses througn the pores of
tre ionizer and is ionized by contact on the "downstream" Tace of the
icnizer. The cesium ions are then accelerated by the acceleretor elsc-

rcdes. Tne cesium ions are singly charged, so tneir final speed is

The major power loss in these thrusters is due to thermel radiation
from the ionizer. Conducticn neat loss hies been minimized, and the

"upetream" side of the ionizer and propelliant-feed manifolds are well
insulated to minimize thermal-radiation loss. The accel length has heen
made as short as presently possible and is only a few millimeters in
toth thrustor concepts.

As shown in figures 11 and 12, the EOS thrustor consists of an
array of ionizer "buttons" and circular electrode apertures, while the
Hughes thrustor consists of concentric "annular" ionizerg and exraust

apertures. Both thrustors have concave ionizer surfaces but different

electrode shapes. The neutralizer designs are also different.
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Fig. 11. - Contact-ionization thrustor designed ;t Electro-bptical Systems, Inc.
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Fig. 15; - Schematic drawing of ffow through porous wolfram.
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Fig. 16. - Neutral-atom efflux from various porous
lonizers. ' ' ;
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Fig. 18. - Effect of ionizer temperature on ion cur-
rent density and nsutral-atom efflux from porous-
wolfram lonizer.

08

04

0

NEUTRAL ATOM FRACTION, ATOMS/ION



200

160
N
2
L
=
<
. 120
h- -
=
n
Z |
ul
(o]
>
x
(04
>
&) -
<
Q

40—

0 ! L 1 ] ] |
1300 1400 1500 1600
NEUTRAL~-FRACTION CRITICAL TEMP, °K
Fig. 19. - Neutral-fraction critical temperature for spherical powder

porous-wolfram icnizers.
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THRUSTOR EFFICIENCY, 7

o

EXISTING ELECTRON—
BOMBARDMENT THRUSTOR
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EXISTING EOS AND
HUGHES CONTACT-
IONIZATION THRUSTORS

| I |
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Fig. Zz. - Efficiency of existing EOS and Hughes
contact-ionization thrustors (uncorrected for
durability).
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